In Brief
Single-particle cryo-EM structures of a type I-F CRISPR surveillance complex before and after target dsDNA binding, as well as after inhibitor binding, demonstrate unique structural features for dsDNA recognition and a large global elongation of the complex, which may facilitate nuclease recruitment and subsequent target degradation.
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INTRODUCTION
CRISPR and the CRISPR-associated Cas proteins provide bacteria and archaea an adaptable defense against a broad spectrum of invading phages and plasmids (Makarova et al., 2013; Marraffini, 2015) . These CRISPR-Cas systems recognize and destroy previously encountered non-self DNA or RNA sequences, functioning as an adaptive ''immune system.'' Because of the sequence specificity of these complexes, CRISPR surveillance complexes have been leveraged for use in diverse applications including gene editing to alter genome sequences (Mohanraju et al., 2016; Wright et al., 2016) . Although CRISPR-Cas surveillance systems can be found across a broad spectrum of bacteria and archaea, and many of these systems share similar architectural features, there is a wide variation in the sequence and composition of these complexes, which comprise two broad classes, divided into 6 types and 19 subtypes (Makarova et al., 2015; Mohanraju et al., 2016) . The type I multi-subunit system is the largest and is further divided into seven subtypes (type I-A through I-F and type I-U).
The structural studies we describe here are focused on the type I-F Csy (CRISPR system yersinia) found in Pseudomonas aeruginosa, for which phage-derived inhibitors have been newly discovered (Bondy-Denomy et al., 2013 Pawluk et al., 2016) . As with all type I systems, Csy recognizes target DNA sequences via a multi-subunit surveillance complex (Csy complex). In the adaptation phase, a foreign nucleic acid sequence, or ''protospacer'' (e.g., from a phage or plasmid), is recognized, cleaved, and inserted into the bacterial genome at the CRISPR locus, generating a new ''spacer'' flanked by repeats. In the second phase (the expression phase), this spacer is transcribed and processed into a CRISPR RNA (crRNA, also called a ''guide RNA'') and incorporated into the Csy surveillance complex. In the third phase (the interference phase), the bound crRNA provides a template for the surveillance complex to bind and degrade complementary target nucleic acid sequences. Target recognition first requires detection of a short 2-5 base pair ''protospacer adjacent motif'' (PAM) that is proximal to the protospacer element in the target sequence (Shah et al., 2013) . The PAM itself is not incorporated into the CRISPR locus, allowing the CRISPR-Cas systems to discriminate between self and non-self. PAM recognition is followed by the unwinding of the target dsDNA and hybridization of the target DNA strand with the crRNA spacer, forming an R-loop to displace the non-target DNA strand (Rutkauskas et al., 2015; Szczelkun et al., 2014) . Formation of the R-loop in both Csy and the related type I-E Cse complexes triggers recruitment of the endonuclease Cas3, which degrades the target dsDNA van Duijn et al., 2012) .
In a recent publication, Chowdhury et al. (2017) have provided a first glimpse into the molecular architecture of the Csy complex with the determination of a 3.4 Å resolution cryoelectron microscopy (cryo-EM) structure of Csy bound simultaneously to the inhibitors AcrF1 and AcrF2. To understand the mechanistic basis underlying recognition of DNA by Csy, however, it is necessary to determine the structures of the complex before and after DNA binding and to discern exactly how the binding of various inhibitors interferes with DNA binding. In this work, we bridge this gap in understanding by determining cryo-EM structures for the Csy complex in its pre-target-bound state (Csy crRNA ), in complex with dsDNA (Csy crRNA $dsDNA), and when it is individually bound to inhibitors AcrF1 (Csy crRNA $AcrF1), AcrF2 (Csy crRNA $AcrF2), and AcrF10 (Csy crRNA $AcrF10). In addition,
we also present crystal structures for the AcrF1 and AcrF10 inhibitors. Our work provides structural snapshots of the Csy complex in a variety of functional and inhibited states and leads to a better mechanistic understanding of similarities and differences between Csy and other related type I surveillance complexes (Hayes et al., 2016; Hochstrasser et al., 2016; Xiao et al., 2017) .
RESULTS

General Architecture of Csy Complex Bound to dsDNA
We begin with a description of our cryo-EM structure of the type I-F Csy surveillance complex containing a 60-nucleotide (nt) crRNA bound to a DNA target with 17 base pair of PAM-proximal duplex DNA. The double-stranded DNA (dsDNA) includes the G-G/C-C PAM, a 32-nt protospacer complementary to the 32-nt crRNA spacer, and a 10-nt overhang at the 3 0 end of the non-target DNA strand ( Figure 1A ). Multiple representations of the 2.9 Å resolution cryo-EM structure of Csy crRNA $dsDNA are shown in Figure 1 , including a 2D schematic rendering (Figure 1B) , a ribbon diagram ( Figure 1C ), a surface representation ( Figure 1D ), and the animation in Movie S1. Technical details relevant to cryo-EM structure determination are included in the STAR Methods and in Figures S1 and S2. As expected, the general arrangement of the 9 polypeptides in the Csy crRNA $dsDNA is the same as that reported in the cryo-EM structure of Csy crRNA bound simultaneously to inhibitors AcrF1 and AcrF2 by Chowdhury et al. (2017) and by Peng et al. (2017) , with the protein subunits arranged around the crRNA in a helically twisted ''G'' shape ( Figures 1C and 1D ). Cas6f is located at the 3 0 stem-loop of the crRNA; Cas8f and Cas5f are located at the 5 0 handle of crRNA; six interlocking copies of Cas7f are located along the length of the crRNA spacer. Following the convention of earlier publications in the field Wiedenheft et al., 2011) , the ''head'' and ''tail'' of the complex are oriented at the crRNA 3 0 stem loop and 5 0 handle, respectively, with a ''backbone'' region in the middle of the complex. The density map of the Csy crRNA $dsDNA complex displays variations in local resolution ( Figure S2B ). The density of the backbone region, lined by Cas7f subunits, and the tail region, including Cas5f and Cas8f, is well-defined and could be reliably modeled (Figures 2A and 2B ), but no clear density is observed for Cas6f or the crRNA 3 0 stem loop at the PAM-distal head, similar to what was reported in the recent cryo-EM studies of the Csy crRNA $AcrF1$AcrF2 complex by Chowdhury et al. (2017) and Peng et al. (2017) . For the sake of completeness and consistency, we have included the previously reported atomic model from the crystal structure of Cas6f (PDB ID: 4AL5) (Haurwitz et al., 2012) in the structure shown in Figure 1 , with the minor modifications introduced in the cryo-EM structure of the Csy crRNA $AcrF1$AcrF2 complex (PDB ID: 5UZ9) by Chowdhury et al. (2017) . The base pairing between the target DNA and the crRNA threaded through the interlocking Cas7f subunits is clearly visualized in the cryo-EM density map ( Figures 2C and 2D ). The binding of the target strand to crRNA follows a periodic ''5+1'' pattern, a recurring motif in class 1 complexes in which 5 consecutive base pairs in pseudo-A conformation are followed by a 1 base pair gap of two unpaired nucleotides that kink out in opposite directions (Hayes et al., 2016; Hochstrasser et al., 2016; Mulepati et al., 2014; Osawa et al., 2015; Xiao et al., 2017) . A b-hairpin emanating from the adjacent Cas7f subunit threads through each of these gaps spaced along the backbone, effectively pinning the RNA:DNA heteroduplex to the Csy complex backbone ( Figures 2E and S3A ). These 5 base pair segments of RNA:DNA hybrid are nearly identical: superimposition of the sugar-phosphate backbone of a central segment (crRNA spacer nucleotides 13-17) on every other segment results in an root-mean-square deviation (RMSD) of 0.3-0.8 Å . The G-G/C-C PAM is situated immediately before bifurcation of the DNA duplex.
PAM Recognition
The recognition of target dsDNA by the Csy complex can be roughly divided into three steps: PAM search, PAM recognition, and target verification . In PAM search, the Csy complex randomly samples dsDNA, with rapid association and disassociation between the dsDNA and surveillance complex. In PAM recognition, a weak interaction between the complex and the PAM site temporarily stabilizes the Csy crRNA $dsDNA complex and locally destabilizes the adjacent DNA duplex. The crRNA then hybridizes with the target strand of the DNA duplex in the target verification step, initiating formation of the R-loop. In the Csy crRNA $dsDNA structure, which includes a partial R-loop (detailed in Figure 2F ), the duplex region of the target DNA (including the G-G/C-C PAM) is sandwiched between the Cas8f N-terminal hook domain (residues 1-166), the Cas5f thumb domain (residues 48-109), and Cas7.6f subunit (Figure 3A) . Density for $10 base pair of the PAM-containing DNA duplex is visible, suggesting that the rest of the duplex, which is further away from the PAM site, is likely flexible and either not in direct contact with the Csy complex or at least does not display a single bound conformation. Numerous positively charged residues line this DNA binding pocket, including residues from Cas7.6f (K299), the Cas5f thumb (R90), and especially the Cas8f hook (R24, K28, K31, R59, K71, and R78) ( Figure 3B ). Although the density map in this region is not resolved at a level of detail to unambiguously discern the atomic interactions between these residues and the DNA, the matched curvature of the region's electrostatic surface to that of DNA strongly suggests that interactions between these residues and the 
$dsDNA Components
Visualization of atomic models and corresponding cryo-EM density maps for Csy crRNA $dsDNA components.
(A) Subunits Cas8f, Cas5f, and Cas7.6f, highlighting Cas8f hook (residues 1-166), Cas8f central domain (167-264), Cas5f thumb (48-109), and Cas7f thumb (44-82).
(B and C) Cryo-EM density maps and fits for selected regions of Cas7.6f (B), and the crRNA: dsDNA heteroduplex (C). The 3 0 stem loop of crRNA is not visualized in our structure and is shown in white to indicate its general location. The RNA:DNA hybrid adopts a pseudo-A conformation resembling a ribbon or ladder with periodic gaps. (D) A segment of RNA:DNA hybrid (nt 6-12) to show that the heteroduplex follows a ''5+1'' pattern, in which five base pairs (nt 7-11) are followed by one gap in which the nucleotides are kinked away (nt 6 and nt 12).
(legend continued on next page) negatively charged phosphate groups of the DNA duplex backbone are important for stabilization of the Csy:dsDNA association. The target and non-target DNA strands separate immediately at the protospacer region next to the PAM site (i.e., G(À1) G(À2) TS and C(À1)C(À2) NTS ; see Figure 2F for nomenclature), with the target strand ''flipping'' to base pair with crRNA. Figure S3 and Movie S1.
Wedged into this fork is the tip of a loop (residues 246-250, sequence TKPQN) emanating from the central domain of Cas8f ( Figure 3C ). The placement of this loop, which we refer to as the lysine-containing wedge (or K-wedge), would sterically block a 1 TS -1 NTS base pair, with K247 stacking with PAM G(À1) TS , thus facilitating the formation of the spacer:protospacer heteroduplex and displacing the non-target DNA strand ( Figure 3D ). Accordingly, the first displaced nucleotide of the non-target strand (A1 NTS ) is splayed away from its theoretical position in an ideal B-form DNA duplex, and the corresponding nucleotide of the target strand (A1 TS ) is flipped around to base pair with the first nucleotide of the crRNA spacer (U1). Favorable interactions between T246 and the 5 0 phosphate group of target-strand G(À1) TS probably stabilize the flipping of this nucleotide.
Structural studies of type I-E (Hayes et al., 2016; Xiao et al., 2017) and other systems (Anders et al., 2014; Yamano et al., 2016) have shown that PAM recognition, which is crRNA-independent, is mediated by a diversity of peptide motifs. In the structure of Csy crRNA $dsDNA, we observe that the K-wedge also contains two residues, Q249 and N250, that point toward the minor groove of PAM nucleotides G(À1) TS and C(À1) NTS (Figures 3D and S3B) . Hydrogen-bond interactions between these polar side chains and the nitrogenous bases are likely. K247 may also contribute to PAM recognition, but the location of its side chain between G(À1) TS and A1 NTS makes determination of binding partners difficult. A separate loop, formed by residues N111, A112, A113, and A114 from the ''stem'' of the Cas8f hook, slots into the PAM minor groove, near G(À2) TS and C(À2) NTS ( Figure 3E ). Although only main chain density is visible, the positioning of this ''Ala-rich loop'' (or A-loop) suggests minor groove interaction with the second G(À2) TS -C(À2) NTS PAM pair.
Together, the K-wedge and A-loop likely confer the previously observed specificity of the Csy complex for a GG TS -CC NTS PAM sequence .
As for the displaced non-target strand, the direction is defined for the first few bases where we observe assignable density, but the rest appears to be disordered. One positively charged residue, K119 from the Cas8f hook, is positioned near the backbone of the first displaced nucleotide (A1), suggesting that interactions with positively charged residues serve to guide the displaced non-target strand, as has been reported for the Cse complex (Hayes et al., 2016) . The distribution of positive charges on the surface of Cas8f suggests there may well be multiple plausible paths that provide favorable electrostatic interactions for positioning of the non-target strand ( Figure S3F ).
Conformational Changes Induced by DNA Binding
To explore the extent and nature of the conformational changes that occur upon dsDNA binding, we determined the structure of the unliganded Csy crRNA complex ( Figure 4A ). As with the dsDNA complex, all regions except for the PAM-distal head are welldefined in the cryo-EM density map, with a resolution of $3.5 Å ( Figure S4 ). Comparison of the structures of the Csy crRNA and Csy crRNA $dsDNA complexes reveals several important differences including major changes to the quaternary structure of the complex ( Figures 4B-4D ). Beginning at the DNA duplex binding site, there is a rearrangement of the Cas8f hook domain, in which the hook ''swings'' forward upon DNA-binding relative to the proximal Cas7.6f subunit, giving the appearance of clamping onto the bound DNA duplex ( Figure 4B ). The hook pivots from a stable ''base'' of the hook (residues 67-107) near the central domain of Cas8f; at the furthest tip of the hook, the movement is as much as 10-16 Å (as measured from Cas8f K31 and D35). Along the backbone, binding of DNA induces a dramatic elongation of the complex, visible in both the overall structure ( Figure 4C ) and in crRNA ( Figure 4D ). Compared to Csy crRNA , the dsDNA complex has progressive displacement of each Cas7f subunit along the backbone ( Figure S5 ), for a maximum displacement of $20 Å when the structures are aligned at one end of the backbone ( Figures 4D and S5 ). This elongation is accomplished by a change in the helical pitch (i.e., rise per turn) of the backbone, increasing from the $80 Å pitch of Csy crRNA to the $110 Å pitch of Csy crRNA $dsDNA ( Figure 4D ).
Because the backbone does not comprise a full helical turn, the net displacement ($20 Å ) is less than the change in helical pitch ($30 Å ). This change in pitch occurs without a significant change in diameter (compare Figure 4A with Figure 1C ). Inspection of individual Cas7f subunits shows remarkably little change before and after DNA binding ( Figure S5 ), with the exception of two domains, the b-hairpin thumb (residues 44-82) and the ''extended web'' loop (residues 228-253), which also have weaker density in comparison to other regions of Cas7.6f (Figure S2B) . Exclusion of these potentially flexible domains results in RMSD of <1.0 Å between Cas7f main chains before and after DNA-binding, suggesting that the quaternary change in helical pitch is effected mainly by a series of rigid body movements.
Inhibition Mechanisms
AcrF10 is a phage-derived polypeptide that inhibits the type I-F CRISPR-Cas system (Pawluk et al., 2016) whose mechanism is unknown. We found that AcrF10 binds stably to Cas5f and Cas8f in solution ( Figure S6A ) and therefore undertook a structural study of Csy crRNA $AcrF10. Determination of the crystal structure of AcrF10 alone shows that it is composed of a fourstranded b sheet with three a helices positioned along one face of the b sheet ( Figure S6B ). The 3.6 Å resolution cryo-EM structure of Csy crRNA $AcrF10 ( Figures 5A and S4) shows that it occupies a region on the tail that closely overlaps the DNA duplex binding site (see superposition shown in Figure 5B ). Based on proximity, AcrF10 likely binds to some of the same sites identified for duplex DNA, including Cas8f K71 and R78, Cas5f R90, and Cas7f K299 ( Figure 5C ). The relative positioning of AcrF10 and Cas8f at another intermolecular interface, which includes the K-wedge and A-loop, are shown in Figure S7A . Consistent with its role as a DNA mimic, AcrF10 binding causes a swing in the Cas8f hook domain toward Cas7.6f ( Figure 5D ) that is qualitatively similar to DNA binding ( Figure 4C ), although the movement is not as large (K31 and D35 at the tip of the hook are displaced 6-9 Å ). However, unlike dsDNA binding, AcrF10 binding does not result in helical elongation or other quaternary changes along the backbone. AcrF10 and dsDNA have very different surface charge distribution profiles, and it is interesting that despite this difference, they both occupy closely overlapping positions on Csy.
In recent studies, Chowdhury et al. (2017) , as well as Peng et al. (2017) , have reported the cryo-EM structures of a Csy complex bound simultaneously to the phage-derived inhibitors AcrF1 and AcrF2, both of which have been shown biochemically to block DNA binding (Bondy-Denomy et al., 2015) . The structures show that AcrF1 binds to the Csy backbone, while AcrF2 binds at the junction between Cas7.6f and Cas8f. These results suggest that AcrF1 prevents hybridization of target DNA strand and AcrF2 competes with DNA for a critical binding site .
To better understand the effects of binding of these inhibitors on Csy conformation and to compare the binding modes of AcrF1, AcrF2, and AcrF10, we determined cryo-EM structures of the complex bound to AcrF1 and AcrF2 individually (Csy crRNA $AcrF1 and Csy crRNA $AcrF2) at nominal resolutions of 3.1 Å and 3.2 Å , respectively (see Figure S4 for FSC plots). Inspection of the structure of Csy crRNA $AcrF2 ( Figure 6A ) shows that AcrF2 is positioned further away from Cas7.6f and does not occupy the same region as that occupied by either the DNA or AcrF10 ( Figures 6B and 6C) . Strikingly, while both DNA binding ( Figure 4C ) and AcrF10 binding ( Figure 5D ) result in the hook swinging toward Cas7.6f, AcrF2 has the opposite effect. AcrF2 binding pulls the hook away from Cas7.6f ( Figure 6D) , with a displacement of $8 Å at the tip of the hook. This effective difference between AcrF2 and AcrF10 likely results from the differences in their binding sites ( Figures S7A and S7B) .
Because high-resolution structural information available on AcrF1 at present is from NMR studies , we also determined the crystal structure of AcrF1 to test for any differences. As shown in Figure S6C , AcrF1 is composed of a three-stranded b sheet with two a helices positioned along one face of the b sheet, and there are minimal differences between the NMR and crystal structures. The cryo-EM structure of Csy crRNA $AcrF1 ( Figure 7A ) shows that AcrF1 binds with the same stoichiometry and at the same binding location as reported by Chowdhury et al. (2017) for the complex of Csy with both AcrF1 and AcrF2. Densities for tail subunits Cas8f and Cas5f could not be clearly resolved in our cryo-EM structure of Csy with only AcrF1 bound, but the binding sites of AcrF1 to the Cas7f backbone are well-resolved. The relative positioning of AcrF1 and side chains of adjacent Cas7f subunits at the intermolecular interface are shown in Figure S7C . Comparison of Csy crRNA $AcrF1 with Csy crRNA $dsDNA
shows that the bulky AcrF1 inhibitors sit above the nucleic acid trench along the Cas7f subunits and obstruct DNA entrance, with the tip of two AcrF1 loops (residues 8-15 and 33-35) reaching far enough into the trench to sterically clash with the sugarphosphate backbone of the target DNA ( Figures 7B and 7C ).
DISCUSSION
While dsDNA target recognition has been extensively analyzed in the Cse (type I-E) system via structural studies (Hayes et al., 2016; Hochstrasser et al., 2014; Jackson et al., 2014; Mulepati et al., 2014; van Erp et al., 2015; Wiedenheft et al., 2011; Zhao et al., 2014) , there is enormous variation among CRISPR systems in both sequence and structure and the degree to which these mechanisms and structural motifs are conserved or plastic are only beginning to be explored (Cass et al., 2015; Jackson and Wiedenheft, 2015; Nishimasu and Nureki, 2017; van der Oost et al., 2014) . Here, we report cryo-EM structures for the P. aeruginosa Csy complex before and after binding to either dsDNA or the phage-derived inhibitors AcrF1, AcrF2, or AcrF10. Our findings lead to a structural model for target recognition by a type I-F Csy CRISPR system, beginning with the capture of exogenous dsDNA by electrostatic interactions via a vise-like DNA binding pocket and culminating in a large-scale change in pitch of the Cas7f backbone. We propose that following contact with dsDNA, the K-wedge pries the dsDNA open by steric displacement of two base-paired nucleotides. Presence of the G-G/C-C PAM produces stabilizing interactions between the K-wedge and A-loop with the PAM bases ( Figures  3C-3E ) that stabilize the DNA-bound structure long enough for the initial nucleation of a spacer:protospacer duplex. The progressive hybridization of this heteroduplex (i.e., directional target verification) is accompanied by a change in helical pitch along the Cas7f backbone ( Figures 4C and 4D ) that may, in addition, be essential in the pathway for Cas3 nuclease recruitment to degrade the bound DNA.
DNA Duplex Binding at the Flexible Hook Domain
An interesting feature present in the Csy complex is the flexible Cas8f hook domain, under which the DNA duplex is nestled. Our studies reveal a spectrum of distinct conformations in this hook domain. Csy crRNA initially adopts an ''open'' hook state, and binding of dsDNA induces transition to a ''closed'' state (Figure 4B) . Inhibitors binding at this crucial region can also trigger conformational changes in the hook domain. AcrF10 binding induces a partially closed hook state ( Figure 5D ), while AcrF2 binding wrenches the hook outward away from the closed state ( Figure 6D ), demonstrating the large conformational range of this flexible domain. We cannot conclude yet whether the closed state is triggered by the mere presence of duplex DNA at its binding site, or if successful PAM recognition is also required. The latter scenario is more appealing, since it provides a plausible mechanism by which the Csy complex temporarily stabilizes association with dsDNA and primes it for strand invasion by crRNA. Notably, although AcrF10 occupies a similar binding location to that of the DNA duplex ( Figure 5B) , and may share common interaction partners ( Figures 5C and S7A) , its binding only induces a partial inward movement of the hook domain ( Figure 5D ), suggesting that the full closure of the hook domain requires additional specific interactions.
PAM Recognition by the K-Wedge and A-Loop
The Csy PAM site is shorter and less permissive than that of type I-E Cse. While the Cse PAM site is three nucleotides long and recognizes at least four different PAM sequences for interference (Westra et al., 2013) , Csy only recognizes the G-G/C-C PAM (Mojica et al., 2009) . Despite the relative simplicity of the Csy PAM, the higher-level logic of PAM recognition appears to be well conserved between type I-E Cse and type I-F Csy, with differences in execution. As described earlier, Csy employs two structural motifs, the K-wedge and the A-loop for PAM recognition ( Figure S3C ). The type I-E Cse complex in Escherichia coli (EcoCse) has a Q-wedge, G-loop, and K-finger (Figure S3D) (Hayes et al., 2016) , while in Thermobifida fusca, TfuCse displays a Q-wedge, G-loop, R-finger, and an L1-loop (Figure S3E) (Xiao et al., 2017) . Despite major differences in the sequence of Cas8, the positions of K-and Q-wedges, as well as the A-and G-loops, are well conserved structurally in these three complexes.
In all three surveillance complexes, the wedge motif is responsible for strand separation. However, the differences in PAM sequences and in promiscuity between CRISPR-Cas systems result in different motifs for sequence discrimination. EcoCse uses four residues across three different structural motifs (a Q-wedge alanine, two G-loop glycines, and a K-finger lysine) for sequence discrimination (Hayes et al., 2016) ; meanwhile, TfuCse relies only on an SGM motif in its G-loop and perhaps the R-finger arginine (Xiao et al., 2017) . As expected, the sequence discrimination motifs in type I-F Csy are different from both type I-E systems. Unlike the previously described Cse Q-wedge, the Csy K-wedge plays a much larger role in sequence discrimination, with Q249, N250, and possibly K247, specifying a G(À1) TS -C(À1) NTS pair ( Figures 3C and 3D ). Recognition of the next PAM base pair is independently performed by an Ala-rich loop (A-loop, Figure 3E ), which bears resemblance to the Cse Gly-rich loop (G-loop). The A-loop may recognize the PAM(À2) base pair through main-chain interactions with the Ala residues (A112, A113, A114), similar to the use of Ala and Gly residues in PAM recognition EcoCse (Hayes et al., 2016) and/or by hydrogen bond interactions with N111. In all three cases (EcoCse, TfuCse, and Csy), sequence discrimination occurs from the minor groove (Hayes et al., 2016; Xiao et al., 2017) .
Elongated Helical Pitch in DNA-Bound Csy
The large-scale change in pitch of the complex that we observe between Csy crRNA and Csy crRNA $dsDNA is achieved by each
Cas7f subunit rotating as a near-rigid body relative to its predecessor ( Figure S5 ). One explanation for this change is that while single-stranded RNA can adopt this unusual periodically kinked pseudo-A conformation at a tight helical pitch of 80 Å , the RNA:DNA heteroduplex has more stringent torsional constraints and requires a greater pitch. As the target protospacer directionally hybridizes to crRNA, the Cas7f subunits are likely to rotate to accommodate heteroduplex formation. Although this type of large-scale conformational change has not been observed for other CRISPR complexes, it is interesting to note that the Class I CRISPR systems are known to vary in helical pitch based on subtype. Of the complexes with known structures, Cse (type I-E) at $130 Å and Cmr (type III-B) at $160 Å (Hayes et al., 2016; Osawa et al., 2015) have a pitch closer to that of dsDNAbound Csy (type I-F, at $110 Å ). Even across subtypes, the helical radius remains the same and the 5+1 repeating RNA:DNA segments overlap well with each other . Biophysical experiments with the type I-E surveillance complex show that the only requirement for the recruitment and activity of the Cas3 nuclease/helicase is the completion of target verification across the entire length of crRNA (and stabilization of the R-loop) (Rutkauskas et al., 2015) . If the same is true for Csy, then the structural changes observed upon DNA binding could be necessary and on the pathway for the recruitment and activity of the 121 kDa Cas3/2 nuclease fusion protein . Extensive studies of type I-E surveillance complexes provide an interesting example of how Cas3 recruitment to the Cas8 subunit at the tail can be dependent on allosteric target verification along the Cas7 backbone. As with Csy, the incoming DNA duplex in the Cse complex is primed at Cas8e with only a transiently stable conformation (Rutkauskas et al., 2015) . Only upon successful verification of the entire target (i.e., template matching with crRNA) do the two ''belly'' subunits (Cse2.1 and Cse2.2) slide toward Cas8e, triggering local rearrangements in Cas8e that ''flag'' for Cas3 recruitment in the Cse system (Hayes et al., 2016; van Erp et al., 2015; Wiedenheft et al., 2011; Xiao et al., 2017) . The unanticipated and large helical elongation observed upon DNA-binding in Csy may thus serve as a recruitment beacon for Cas3/2, perhaps by opening up the complex to reveal new binding sites.
Structural Comparisons between Type I-E Cse and Type I-F Csy Surveillance Complexes
Comparisons of Csy and Cse show that the structural plasticity of type I CRISPR systems can result in an incredible diversity of structural and mechanistic means to common functional ends.
The structural motifs for PAM recognition in type I-F as we have described resemble type I-E more closely than they do type I-Fv, a minimal variant of type I-F that recognizes the same G-G/C-C PAM (Pausch et al., 2017) . Relative to the DNA duplex, the K-wedge and Q-wedge of Csy and Cse are in analogous positions, as are the Aloop and G-loop, allowing both complexes to read the PAM from the minor groove ( Figures S3C-S3E) (Hayes et al., 2016; Xiao et al., 2017) . Thus, the PAM recognition principles in Cse and Csy can be described as comprising ''variations on a theme'' despite the fact they utilize different targeting sequences. However, the Cse and Csy complexes employ very different mechanisms to engage target DNA. DNA interaction with Csy involves the Cas8f ''hook'' domain, which flexibly clamps onto duplex DNA and holds it in a secure vise. No corresponding domain exists in Cse; instead, duplex DNA association appears to be mediated by Cas7e lysine-rich a helices that ''squeeze'' the duplex from opposite sides (van Erp et al., 2015) . Further, in the Cse complex, two copies of type-specific Cse2 ''belly'' subunit stabilize the target DNA strand on one side (van Erp et al., 2015; Hayes et al., 2016; Xiao et al., 2017) and lock the displaced non-target strand on the ''backside'' (Hayes et al., 2016; Xiao et al., 2017) ; these proteins are not present in Csy. The closest analogy of this type of interaction in the Csy complex is the 25 aa extension of the web domains in each of the six Cas7f subunits: these ''extended webs'' form wide loops that occlude the target strand bases from solvent and may compensate for Cse2. Perhaps the most remarkable mechanistic difference between Cse and Csy complexes is in the quaternary structural changes that occur in response to DNA binding. In Cse, complete target verification is followed by displacement of the two Cse2 subunits and rotation of Cas8e, with little change in the overall shape of the complex (van Erp et al., 2015; Hayes et al., 2016) . In Csy, however, complete target verification results in displacement of the Cas7 backbone subunits and a dramatic elongation of the entire helical complex, as we have demonstrated here. Finally, in all three cryo-EM studies of Csy (this paper; Chowdhury et al., 2017; Peng et al., 2017) , the Cas6f ''head'' is poorly resolved, indicating inherent flexibility of the region; such flexibility has not been reported for the analogous Cas6e in Cse (Xiao et al., 2017) . Future studies investigating the assembly of the Csy complex (that is initiated by Cas6f) or examining the PAM-distal DNA duplex may shed light on the functional significance of this flexibility.
Anti-CRISPR Inhibitors Sterically Block DNA Recognition Anti-CRISPR inhibitors can block different stages of DNA recognition and exploit various parts of the DNA recognition machinery. Phage-derived anti-CRISPRs may delay escape mutations by targeting functionally important residues of the surveillance complex . In our present work, we have analyzed the binding of AcrF1, AcrF2, and AcrF10, each of which have distinct binding sites on the Csy complex (Figure 7D ). AcrF10 is a DNA mimic that triggers a smaller conformational change in the Cas8f hook along the same trajectory that is observed with DNA binding (Figure 5 ). AcrF2 was previously believed to be a DNA mimic; we show here that its binding site only partially overlaps with that of the DNA duplex, but does cause an alternative conformational change in the hook in a direction opposite to that seen with DNA binding (Figure 6 ). Finally, we show that the site of AcrF1 binding directly clashes with the path of the target protospacer (Figure 7) . Taken together, our findings provide new and unexpected insights to the structure and dynamics associated with DNA targeting and binding inhibition in the Csy surveillance complex. The large and striking conformational change that is observed with DNA binding has not yet been observed in other CRISPRCas systems, and it will be interesting to see if this mechanism is more general. All three anti-CRISPR inhibitors we have analyzed function by steric occlusion, precluding DNA from binding, but it is plausible that other inhibitors that act allosterically without directly competing with the DNA binding site await discovery. Given that the various conformational states of CRISPR-Cas complexes such as Csy will likely be flexible and hence challenging for analysis by X-ray crystallography, the use of cryo-EM methods will undoubtedly represent an increasingly practical approach to deciphering the structural and mechanistic basis of their function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sriram Subramaniam (ss1@nih.gov).
METHOD DETAILS Protein Expression and Purification
Recombinant proteins were overexpressed in Escherichia coli BL21 (DE3) strain in Lysogeny broth (LB) medium or M9 for seleonomethionine-derivatized proteins. The cells were grown at 37 C until OD600 reached 0.8 and then induced with 0.25 mM isopropyl b-D-1-thiogalactopyranoside (GoldBio) at 18 C for 20 hr. The full-length Pseudomonas aeruginosa (PA14) cas genes, cas5f, cas6f, cas7f, and cas8f were synthesized and inserted into different expression vectors. Cas8f and cas5f genes were subcloned into a modified pRSF-Duet-1 vector (Novagen), in which cas8f was attached with N-terminal His6-SUMO tag following an ubiquitin-like protease (ULP1) cleavage site. Cas7f and cas6f genes were subcloned into the first multiple clone sites (MCS) of pCDFDuet-1 and pACYDuet-1 vectors (Novagen), respectively. The synthetic CRISPR was inserted into the second MCS of pACYDuet-1 vector. All the three vectors were co-transformed into E. coli BL21 (DE3) strain and co-expressed as described above. Cells were harvested by centrifugation and frozen at À80 C until purification. Cells were resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5% glycerol, 20 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, 5 mM b-mercaptoethanol), lysed by the EmulsiFlex-C3 homogenizer (Avestin), and centrifuged at 20,000 rpm for 1 hr in a JA-20 fixed angle rotor (Avanti J-E series centrifuge, Beckman Coulter). The supernatant was loaded to 5 mL HisTrap Fast flow column (GE Healthcare) pre-equilibrated in lysis buffer. The column was washed with 20 column volumes of lysis buffer, and the intact complex was eluted with lysis buffer supplemented with 480 mM imidazole. The His6-SUMO tag was removed by ULP1 during dialysis against lysis buffer overnight and then separated by re-loading to Ni-NTA column. The flow-through fraction containing the intact Csy complex was further dialyzed against buffer A (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% glycerol, 5 mM b-mercaptoethanol) and loaded on 5 mL HiTrap Q Fast flow column (GE Healthcare) preequilibrated in buffer A. Elution of the Csy complex was achieved by a linear gradient from 150 mM to 1 M NaCl in 20 column volumes.
Fractions containing intact complex were concentrated in 30 kDa molecular mass cut-off concentrators (Amicon) and loaded on Superose 6 10/300 GL column (GE Healthcare) pre-equilibrated in buffer B (20 mM HEPES, pH 7.2, 150 mM NaCl, 2 mM MgCl 2 , 1 mM DTT).
The recombinant Cas5f-Cas8f heterodimer was expressed by the same method as described above. The His6-SUMO Cas5f-Cas8f was first purified by affinity chromatography using 5 mL HisTrap Fast flow column (GE Healthcare). After removal of the His6-SUMO tag, the flow-through fraction containing the heterodimer was further dialyzed against buffer A and loaded on 5 mL HiTrap Heparin HP column (GE Healthcare). Elution of the Cas5f-Cas8f complex was achieved by a linear gradient from 150 mM to 1 M NaCl in 20 column volumes. Fractions containing the complex were loaded on Superdex 200 16/60 column (GE Healthcare) pre-equilibrated in buffer B.
The genes encoded full-length acrF1, acrF2, and acrF10 were synthesized and subcloned into a modified pRSF-Duet-1 vector with N-terminal His6-SUMO tag, respectively. The proteins were overexpressed in E. coli BL21 (DE3) strain and affinity purified using 5 mL HisTrap Fast flow column by the same method as described above. After removing the His6-SUMO tag, the flow-through fractions containing the recombinant proteins were concentrated in 3 kDa molecular mass cut-off concentrators and loaded on Superdex 200 16/60 column (GE Healthcare) pre-equilibrated in buffer B.
To assemble the Csy crRNA $AcrF1, Csy crRNA $AcrF2, and Csy crRNA $AcrF10 complexes, purified Csy crRNA was mixed with AcrF1, AcrF2, and AcrF10, respectively, at a molar ratio of 1:10 and incubated on ice for 60 min. To assemble the Csy crRNA $dsDNA complex, purified Csy crRNA was mixed with dsDNA at a molar ratio of 1:1.5 and incubated on ice for 30 min. Reconstituted complexes were purified by gel filtration chromatography on a Superose 6 10/300 GL column pre-equilibrated in buffer B. To test whether AcrF10 forms a stable complex with Cas5f-Cas8f, purified Cas5f-Cas8f was mixed with AcrF10 at a molar ratio of 1:3 and incubated on ice for 60 min. The mixture was purified by gel filtration chromatography on a Superdex 200 10/300 GL column pre-equilibrated in buffer B. The target and non-target DNA strands were purchased from IDT (Integrated DNA Technologies) and dissolved in buffer C (20 mM Tris-HCl, pH 7.5, 50 mM NaCl). Target and non-target DNA strands were mixed together with a molar ratio of 1:1.5, denatured at 95 C for 5 min, and then annealed by slowly cooling to room temperature. To facilitate the crystallization, the gene encoding acrF1 was subcloned into a modified pRSF-Duet-1 vector with N-terminal His6-SUMO tag following a ubiquitin-like protease (ULP1) cleavage site and C-terminal unremovable MBP tag. The recombinant AcrF1-MBP was overexpressed in E. coli BL21 (DE3) strain using the same method as described above. For the selenomethionine (SeMet) derivative AcrF10 protein, the cells were grown in M9 medium supplemented with amino acids Lys, Thr, Phe, Leu, Ile, Val, and SeMet. The recombinant AcrF1-MBP protein and SeMet substituted AcrF10 proteins were purified by the same method as described above.
Template CRISPR sequence (from 5 0 to 3 0 ): GTTCACTGCCGTGTAGGCAGCTAAGAAATTCACGGCGGGCTTGATGTCCGCGTCTACCTGGTTCACTGCCGTGTAGGCAGCTA AGAAATTCACGGCGGGCTTGATGTCCGCGTCTACCTGGTTCACTGCCGTGTAGGCAGCTAAGAAATTCACGGCGGGCTTGATGT CCGCGTCTACCTGGTTCACTGCCGTGTAGGCAGCTAAGAAATTCACGGCGGGCTTGATGTCCGCGTCTACCTGGTTCACTGCCG TGTAGGCAGCTAAGAAATTCACGGCGGGCTTGATGTCCGCGTCTACCTGGTTCACTGCCGTGTAGGCAGCTAAGAAATTCACGG CGGGCTTGATGTCCGCGTCTACCTGGTTCACTGCCGTGTAGGCAGCTAAGAAATTCACGGCGGGCTTGATGTCCGCGTCTACCT GGTTCACTGCCGTGTAGGCAGCTAAGAAA Crystallization, Data Collection, and Structure Determination Crystallization of AcrF1-MBP and AcrF10 were performed using the hanging drop vapor diffusion method at 20 C. Crystals of AcrF1-MBP were grown from drops consisting of 1 mL protein solution (about 8 mg/ml) and 1 mL reservoir solution containing 0.1 M MES (pH 6.2), 2.5% PEG 3000 (v/v), and 42% PEG400 (v/v). Crystals of AcrF10 were grown from drops consisting of 1 mL protein solution (about 20 mg/ml) and 1 mL reservoir solution containing 0.1 M HEPES (pH 7.5) and 1.4 M tri-sodium citrate. The crystals of AcrF10 were cryo-protected by the reservoir solution supplemented with 25% glycerol. The datasets were collected at 100 K at the Advanced Photo Source (APS) at the Argonne National Laboratory. The diffraction data was processed with HKL2000 (Otwinowski and Minor, 1997) . The statistics of the diffraction data are summarized in Table S1 .
The structure of AcrF1-MBP was solved by the molecular replacement (MR) method using PHENIX (Adams et al., 2010) using MBP (PDB code: 4EXK, unpublished) as a search template. The AcrF1 model was manually built using COOT (Emsley et al., 2010) . The structure of AcrF10 was solved by the single-wavelength anomalous dispersion (SAD) method using PHENIX (Adams et al., 2010) . Model building was performed using COOT. The structural models were refined using PHENIX. The statistics of the structure refinement and the quality of the final structure models are also summarized in Table S1 .
Electron Microscopy: grid preparation and data acquisition For all samples except Csy crRNA $AcrF2, 2.5 mL of freshly thawed purified protein complex at a concentration of $1mg/ml were deposited onto plasma-cleaned Quantifoil R1.2/1/3 200 mesh Cu grids and then plunge-frozen in liquid ethane, cooled by liquid nitrogen, using the Vitrobot (FEI) plunge-freeze device at 98% relative humidity. The grids were imaged using FEI Titan Krios transmission electron microscopes operating at 300kV. At all times, grids were maintained at liquid nitrogen temperatures.
Images were recorded on Gatan K2 Summit cameras equipped with the XP sensor, using counting or super-resolution modes.
For Csy crRNA $dsDNA and Csy crRNA $AcrF1, the camera was also on the end of the GIF Quantum energy filter operated in zero-energyloss mode with a slit width of 20 eV. For Csy crRNA $AcrF2, 3 mL of freshly thawed protein at a concentration of 0.1 mg/ml was applied to plasma-cleaned C-flat R1.2/1.3 400 mesh Cu holey carbon grids (EMS), blotted for 2.5 s after 30 s wait time, and then plunge frozen in liquid ethane, cooled by liquid nitrogen, using the Cryoplunge 3 (Gatan) at 75% relative humidity. Movies collected in counting mode using Leginon (Suloway et al., 2005) 
Image processing
Movies recorded on the K2 were aligned by cross-correlation using the cumulative average of previously aligned frames as a reference (Bartesaghi et al., 2014) and CTF estimation performed with CTFFIND4 using a frequency range of 30-3.5Å for the defocus fit. Particles were picked automatically from the aligned frame averages using a Gaussian disk of 80 Å in radius, extracted using a binning factor of 8 and subjected to 3D refinement in FREALIGN (Grigorieff, 2016) . A bimodal distribution of FREALIGN scores was observed and only the particles assigned to the lobe with the highest scores were subjected to 3D classification. Particles corresponding to the best class showing the highest-resolution features were then re-extracted from the original micrographs using a binning factor of 2 and a box size of 512x512 pixels and subjected to an additional 8 rounds of local refinement in FREALIGN (MODE = 1), followed by dose-weighting. The highest resolution information used during all stages of refinement carried out in FREALIGN was set to to 4.5 Å for Csy crRNA and Csy crRNA $AcrF10 and to 4.0 Å for Csy crRNA $AcrF1 and Csy crRNA $dsDNA.
In the case of Csy crRNA $AcrF2, movies were aligned using MotionCorr (Li et al., 2013) and MotionCor2 with dose weighting (Zheng et al., 2017) and CTF estimation was performed with CTFFIND4 (Rohou and Grigorieff, 2015) . Particles were picked automatically using the Appion DoG Picker (Voss et al., 2009) , extracted and subjected to 2D classification in RELION (Scheres, 2012) . The best classes were selected for further 3D classification into 10 classes, using an initial model generated ab initio by EMAN2 0 s e2ini-tialmodel.py program (Ludtke et al., 1999) . For the final reconstruction, particles corresponding to the best two 3D classes were selected and subjected to 3D refinement in RELION using a box size of 256x256 pixels. Micrographs aligned using MotionCorr also underwent particle polishing in RELION.
For all datasets, masks for the FSC calculations were obtained by thresholding low pass filtered versions of the final maps to 20 Å resolution followed by mask apodization using the EMAN2 command e2proc3d.py (-process = mask.auto3d:nshellsgauss = 6) (Tang et al., 2007) . Negative B-factors were applied to the final maps for visualization. Local resolution measurements were carried out with the program blocres (Cardone et al., 2013) using unfiltered half maps. Additional processing details specific to each of the datasets are presented in Table S2 .
Atomic model building and refinement
Initial models for all five complexes were generated by per-chain rigid-body fitting into their respective electron density maps. The initial models for AcrF1 and AcrF10 are from the crystal structures described in this work. Initial model building into the cryo-EM density maps resulted in coordinates for Csy crRNA subunits that were closely comparable to those in the previously reported atomic model for Csy complexed to AcrF1 and AcrF2 (PDB: 5UZ9) ; we therefore proceeded with the reported model as a starting point for real space refinement. The initial model of the RNA:DNA heteroduplex was generated through rigid-body fitting short segments of a model of Cse-dsDNA (PDB: 5H9F) (Hayes et al., 2016) . To model the DNA duplex, we used an ideal B-form DNA structure generated by Nucleic Acid Builder (Case et al., 2017) . Due to the observed flexibility of Cas8f, we considered the flexible portion of the hook domain (residues 1-65, 107-168) and the four-helix bundle domain (residues 265-435) as separate rigid bodies for fitting. In the next stage, models were refined into cryo-EM density maps using real-space refinement in PHENIX with rotamer, Ramachandran plot and Cb deviation restraints (Adams et al., 2010) . After automated refinement, models were manually inspected in COOT (Emsley et al., 2010) and UCSF Chimera (Goddard et al., 2007) and were further refined or modified. Several such iterative rounds of automated refinement in PHENIX and manual inspection in COOT and Chimera were performed. In the first round, we used simulated annealing, morphing (local rigid body fit), and gradient-driven minimization against an unsharpened map to capture tertiary structural changes. In intermediate rounds, we used morphing, minimization, and local rotamer fitting to a sharpened map. In the final round, we use only minimization and local rotamer fitting against a sharpened map. Secondary structure restraints were applied for Cas8f and Cas5f, and base-pair restraints were applied to the duplex DNA to prevent these structures from overfitting to noise. Secondary structure and non-crystallographic symmetry (NCS) restraints were also applied to Cas7f as necessary.
Figure generation
Figures of map density and coordinates were created in UCSF Chimera (Goddard et al., 2007) , with the exception of Figures S6 and S7, which were created in PyMol (Schrodinger, 2015) . For the 3D schematic models ( Figures 1D, 3A, 4C , and 7D), the coordinates were imported to Maxon Cinema4D using the plugin Embedded Python Molecular Viewer (ePMV) (Johnson et al., 2011 ) and a Coarse Molecular Surface was generated. The figures were then rendered from Cinema4D.
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession numbers for the maps and coordinates for the five cryo-EM structures reported in this paper are EMDB: 7048, 7049, 7050, 7051, and 7052 and PDB: 6B44, 6B45, 6B46, 6B47, and 6B48.
